Multifunctional silica nanoparticles provide a framework for the attachment of imaging and targeting agents for applications in spectroscopy, microscopy, and biology while simultaneously serving as supports for molecular machines for the controlled release of cargo. The deliberate placing of molecules or other nanoparticles within specific regions of the mesostructure or the surface of the nanoparticles allows for multiple modes of characterization and application. This review focuses on research related to fluorescence and spectroscopic imaging techniques, targeting strategies to increase particle uptake efficiency in cells, and on demand drug delivery regulated by molecular machines.
Introduction
Of the variety of inorganic materials and nanoparticles used in the study of biomedical applications, mesostructured silica nanoparticles (MSNs) have the advantageous features of high pore volume, large surface area, and facile functionalization.
1, 2, 3 These materials are not cytotoxic and their high porosity is exceedingly useful in the storage and on demand delivery of small molecules such as fluorescent dyes and drugs (loading capacity of 4-5 w/w%) or larger molecules such as nucleotides and proteins. 4, 5, 6 Pore-swelling agents and structure-directing templates can be used to increase the average pore size in order to store a wider range of desired molecules. 2 Recent synthetic procedures easily produce gram scales of mesoporous silica nanoparticles that are ~100 nm in diameter and contain ordered pores roughly 2 nm in diameter (Figure 1 ). 7 The functionalization of silica proceeds through a number of different routes, usually with the use of organo-alkoxysilanes. 8 Co-condensation methods have been used to attach fluorescent dye molecules 9 and mechanically active molecules 10 within the pore walls of MSNs. Along with the attachment of desired molecules, organo-alkoxysilanes have been used to impart or to change the optical, electronic, magnetic, and mechanical properties of mesoporous silicates. 11 This review article presents the most recent progress on multifunctional silica nanoparticles with applications in imaging, targeting, and drug delivery. By using the aforementioned techniques, it is possible to functionalize the pore walls of MSNs or to encapsulate metal nanoparticles within the MSNs. Further modification to surface functionalization can place targeting molecules to increase particle uptake within the cell or attach molecular machines for the controlled delivery of cargo. Therefore, multifunctional MSNs are highly useful for specific drug delivery and imaging applications due to their versatility and biocompatibility.
Multifunctional Nanoparticles

Fluorescence
In order to enhance the intracellular detection of the particles, fluorescent molecules can be covalently bound onto the silica nanoparticles using a co-condensation method. 12 , 13 , 14 , 15 , 16 Fluorescein isothiocyanate (FITC) and Rhodamine B isothiocyanate (RITC) were first conjugated with aminopropyltriethoxysilane (APTES) and then added into the basic cetyltrimethylammonium bromide (CTAB) solution together with the silica precursor tetraethylorthosilcate (TEOS). This method allows the fluorescent functional groups to be incorporated into the silica framework without affecting the size and shape of the silica particles. The resulting fluorescent mesoporous silica nanoparticles (FMSNs) can be observed under a fluorescence microscope, and have become a powerful tool for the fluorescence imaging studies on particle cellular uptake, targeting, and drug delivery.
Cellular uptake
It has been shown that mesoporous silica nanoparticles are able to undergo cellular uptake with no cytotoxicity. The uptaking mechanism is endocytosis and the uptaken nanoparticles are mainly located in the acidic lysosomes. 15, 17, 18 The uptaking efficiency depends on the particle size and shape, the dispersibility in aqueous suspension, and the surface functional groups. Modifying the surface of the FMSNs with trihydroxysilylpropyl methylphosphonate (THMP) after particle formation has been shown to reduce the particle aggregation and increase the cellular uptake efficiency. 12 Fluorescence imaging studies have confirmed the cellular uptake of the mesoporous silica nanoparticles on the PANC-1 and BxPC3 pancreatic cancer cell lines. 19, 20 The uptake occurred in a relatively short time after an aqueous suspension of the nanoparticle is added to the cultured cells. Confocal fluorescence microscopy was used to confirm that the nanoparticles were located within the cells.
Targeting
One of the most important issues in designing a nanoparticle based drug delivery system is how to direct the nanoparticle towards their targeted diseased tissue as opposed to healthy tissues. In the case of cancer therapy, it is important to increase the particle uptake efficiency within the tumor tissues. Some cancer cells overexpress receptors on their extracellular membrane that have high affinity to certain ligands. 21, 22 By conjugating the nanoparticles with these ligands, the particles obtain higher affinity towards the cancer cells, which increases their chances of undergoing endocytosis.
To demonstrate the feasibility of using this targeting strategy, folate molecules were covalently attached to the surface of the FMSNs as a targeting ligand. When incubating these folate tagged fluorescent MSNs with tissue culture cells, the cellular uptake efficiency was found to be related to the presence of the surface folate groups, as well as the level of cellular folate receptor expression. With transformed cells that overexpress folate receptor, the folate tagged MSNs showed higher endocytosis efficiency compared to the non-folate ones. While in nontransformed cells, no preferential uptake of the folate MSNs was observed.
Drug delivery
The mesoporous silica nanoparticles (MSNs) are highly porous materials and can be used to store and deliver different payloads inside their pores. The pores of MSNs have an average diameter of 2-4 nm, which allows the access of drug molecules. The "un-capped" MSNs can be used for delivering water-insoluble anticancer drugs into cells. 12, 19 To demonstrate this, hydrophobic anticancer drugs camptothecin (CPT) or paclitaxel (TXL) were loaded into the MSNs by soaking the particles in a concentrated drug-DMSO solution. After transferring the particles to an aqueous solution, the hydrophobic drug was retained in the pores of the MSNs. Also, incubation of the drug-loaded MSNs with a pancreatic cancer cell line resulted in particle uptake, intracellular drug release, and efficient cell killing. 23 ,24,25
Multifunctional nanoparticles
Utilization of inorganic nanoparticles for biomedical applications has attracted considerable interest due to the ordered porous structure of the materials, ease of functionalization, and biocompatibility. Multifunctional nanomaterials, i.e. those which carry out two or more functions simultaneously, are also attracting increased attention. A non-silica example can be seen in polymer-coated superparamagnetic iron oxide nanoparticles. By conjugating multiple components such as fluorescent molecules, tumor-targeting moieties, anticancer drugs, or siRNA to the polymeric coating, not only can these multifunctional nanoparticles target human cancers but they can also be imaged inside the body by both magnetic resonance (MR) and fluorescence imaging.
Small nanoparticles encapsulated inside mesostructured silica nanoparticles
In this section, we describe new mesoporous silica nanoparticles (~100 nm in diameter) that encapsulate iron oxide ( Figure 2 ) or silver nanocrystals. Mesoporous silica nanoparticles were synthesized around superparamagnetic iron oxide nanocrystals (20 nm) for magnetic manipulation and MR imaging. To investigate the use of these MSNs as MR contrasting agents, the MSNs were loaded into cells and placed in a clinical MRI instrument. Several T2-weighted images of the cross sections were taken, going from the top of the tubes (containing the media) to the bottom of the tubes (containing the cells). The tubes containing the control samples were comparable in brightness, whereas the tubes containing the cells treated with the iron oxide-mesoporous silica NPs appeared dark because of the decrease in T2 relaxation. The mesoporous silicate was further modified with fluorescent molecules and targeting ligands, and the pores were filled with chemotherapeutic drug molecules. The materials were loaded with either camptothecin (CPT) or paclitaxel (TXL) by soaking them in a concentrated drug/DMSO solution. The efficacy of these drug-loaded NPs was tested on the pancreatic cancer cell lines PANC-1 and BxPC3. The NPs alone were not toxic to the cells at the concentrations used in the experiment, but the drug-loaded NPs caused observable cytotoxicity to both cell lines. Based on these results, the NPs can be used as a vehicle to store and deliver anticancer drugs that are both highly toxic and water-insoluble into different types of cancer cells.
Next, we describe the antimicrobial effect of silver nanocrystals encapsulated in mesoporous silica nanoparticles ( Figure 3 ). Studies of the interaction of mesoporous silicate nanoparticles with bacteria are rare. In our early studies, 12, 15, 16 two types of bacteria were used: Bacillus anthracis (B. anthracis), as the Gram-positive model, and Escherichia coli (E. coli), as the Gram-negative model. Upon mixing the nanoparticles with bacteria, red fluorescence of the nanoparticles was found to overlap with B. anthracis, but not with E. coli, suggesting that the particle adherence to the bacteria may depend on the bacterial strain and surface characteristic of the nanoparticles.
The ability to encapsulate inorganic materials by growing mesostructured silica around them introduces additional functionality to the nanoparticles. In comparison to the traditional coating of inorganic nanocrystals with nonporous silica or polymer, 28, 29, 30, 31, 32 the mesoporous silica shell offers the advantage of being able to store molecules or to slowly release the encapsulated inorganic materials. We have developed a system in which the antimicrobial materials (silver ions) are strongly embedded within the nanoparticles. 33, 34 In this report, we describe the antimicrobial efficacy of the silver nanocrystals encapsulated in MSNs (Ag@MESs) against both Gram-positive and -negative bacteria. The silver nanocrystals were used as the seed for the growth of silica nanoparticles as well as the source of antimicrobial silver ions. 35 The mesoporous silica shell rendered the hydrophobic silver nanocrystals dispersible in aqueous solution by protecting the active materials from aggregation. Due to the accessibility and porous network of the protective silica layer, the embedded nanocrystals can be slowly oxidized into silver ions. Additionally, the silica component provided the durable support for surface modification with polyelectrolytes and silanes to affect the binding of the particles to the bacterial surface.
We investigated the antimicrobial efficacy of the materials by supplementing Luria-Bertani (LB)-agar media with an aqueous suspension of Ag@MESs at various concentrations. A suspension of bacteria was spread onto the Ag@MES containing LB-agar plates and incubated overnight in the dark. The presence of Ag@MESs in the LB-agar plates was able to inhibit the formation of colonies for both types of bacteria ( Figure 4 ). The effect was more noticeable for the B. anthracis compared to the E. coli, as the nanoparticles were able to substantially reduce the number of colonies at a final Ag@MES concentration of 20 μg/ml. The formation of colonies for both strains was fully inhibited when the LB-agar plates contained 100 μg/ml of the particles.
To further investigate the effect of nanoparticle surface on the cell growth, we coated the Ag@MESs with lowmolecular-weight polyethyleneimine (PEI) through electrostatic interactions, to create a positively charged surface. 36 We expected that cationic surface modification could increase the particle association with the negatively charged bacterial surface. The interaction between the encapsulated silver particles and the bacteria was observed using fluorescence microscopy. Ag@MESs were fluorescently labeled with RITC using similar methods for labeling the mesoporous silica nanoparticles. The association of the Ag@MESs with the bacteria depended on the surface characteristic of the nanoparticles. For Gram negative E. coli, it was found that positively charged PEI-coated Ag@MESs have greater affinity towards the bacteria as most of the red fluorescence from the nanoparticles was prominent on the bacterial surface. On the other hand, the negatively charged Ag@MESs were dispersed throughout the microscope slides rather than on the bacterial surface, similar to the results obtained for mesoporous silica nanoparticles. In the case of Gram-positive B. anthracis, both types of particles were observed on the bacterial surface. Although the PEI-coated Ag@MESs did associate with bacilli, the negatively charged particles showed a slightly increased association to bacilli, in contrast to the result observed with the E. coli experiments. While this result is unexpected for many Gram-positive bacteria, the B. antharacis strain used produces a proteinacious, crystalline S-layer that surrounds the bacillus, and likely governs interactions with nanoparticles. 37 Fluorescence microscopy thus confirms the importance of particle association with the bacterial surface ( Figure 5) . The Ag@MESs are able to affect bacterial growth much more effectively when they bind and are in close proximity to the bacterial surface.
ENZYME RESPONSIVE SNAP-TOP COVERED SILICA NANOCONTAINERS
The design, synthesis, and operation of enzyme-responsive snap-top covered silica nanocontainers (SCSNs) have been reported. Silica nanoparticles were synthesized to afford nanoparticles roughly 200 nm in diameter with hexagonally arranged pores about 2 nm in diameter. These nanoparticles functioned as the support for the snap-top nanovalves as well as the containers for the guest molecules. The porous mesostructure 38, 39, 40 was created by using cetyltrimethylammonium bromide (CTAB) surfactant as a structure directing template and particle synthesis occurred through base-catalyzed sol-gel procedures in the literature. 41 Many methods exist 13, 14, 42 for the derivatization of silica nanoparticles and were used to connect the snap-top machinery to the surface of the silica. In general, a snap-top contains [2] rotaxanes that are tethered to the surface of MSNs. Each rotaxane consists of a polyethylene glycol thread that is encircled by an α-cyclodextrin (α-CD) tori, frequently referred to as host-guest interactions, and this system is held in place by a cleavable stopper unit. When the nanovalve was closed, the guest molecules were stored within the pores because α-CD blocked the pore exits and prevented the release of cargo. Controlled release occurred upon cleavage of the stopper unit by enzyme-mediated hydrolysis and α-CD dethreading, allowing the release of cargo.
A divergent synthetic pathway at each step in the design of SCSNs enables a wide range of multiple systems that are specific in function based on the biological system of desire. In the divergent design, the foundation begins with the MSNs. As described earlier, MSNs serve as the solid state support for the molecular valves as well as a nondegradable container for guest molecules. Such MSNs have been co-condensed with fluorescent dyes such as fluorescein isothiocyanate (FITC) and rhodamine isothiocyanate (RITC) to enhance spectroscopic imaging. There are a wide range of chemicals that can functionalize the surface of MSNs and allow for attachment points between the MSNs and rotaxane stalks. A few examples are aminopropyltriethoxysilane (APTES), mercaptopropyltriethoxysilane (MPTES), and isocyanatopropyltriethoxysilane (ICPES). Next, the polyethylene glycol thread can be made shorter or longer depending on the necessity of each experiment. Two notable functionalities of the thread are the azide group which allows for the attachment of the stopper unit and the oxygen atoms of the polyethylene glycol chain where macrocycles like α-CD or cucurbit [6] uril (CB [6] ) preferentially bind at low temperatures to effectively block the pore entrances. Finally, the stopper groups are chemically attached through Cu(I)-catalyzed azide-alkyne cycloaddition ("click" chemistry). 43, 44 The reaction is chosen because of the high functional group tolerance as well as the recent success in utilizing it for the preparation of interlocked molecules. 45, 46, 47 Specifically, the optimized setup for the enzyme-mediated hydrolysis of SCSNs is described according to Scheme 1. MSNs were treated with aminopropyltriethoxysilane that resulted in an amine-modified surface. Next, the amine-functionalized material is reacted with a triethylene glycol monotosylate monoazide unit to produce an azideterminated surface. The particles were placed into a solution of cargo molecules (Rhodamine B) in water and stirred. The cargo loaded into the pores through diffusion and the particles were incubated with α-CD at 5° C for 24 h. At low temperatures (5° C) α-CD will preferentially bind to the oxygen atoms of the polyethylene glycol chain. The stoppers were chemically attached to the azide-terminated particles through a "click" reaction to complete the nanovalve synthesis. The fully assembled particles were then repeatedly washed with solvent to ensure that any cargo adsorbed to the surface would be washed off.
The controlled release properties of the enzyme-responsive snap-top motif were tested by activation of the system by Porcine Liver Esterase (PLE) according to Scheme 2. Fluorescent dye molecules (Rhodamine B) were loaded into the pores of the MSNs and capped with an ester linked adamantyl stopper unit 2a. Specifically for this snaptop experiment, hydrolysis of the ester on the stopper group occurred in response to PLE catalysis. After the hydrolysis, α-CD is dethreaded and the cargo molecules were released from the pores. As part of the control experiment, amide analog 2b was synthesized as a SCSN and reacted with PLE. The amides did not react with the esterase enzyme and therefore, no controlled release was observed.
The enzyme-triggered release of the fluorescent cargo was monitored using luminescence spectroscopy. In a typical experiment, dye-loaded stoppered particles (15 mg) were placed in the corner of a glass cuvette. Experiments took place in a HEPES buffer solution (50 mM, 12 mL, pH = 7.5) which was carefully placed on top of the particles to avoid any agitation into solution. The snap-tops were opened when a solution of PLE [0.12 mL, 10 mg/mL in 3.2 M (NH 4 ) 2 SO 4 ] was carefully added while the solution stirred. The emission of the fluorescent cargo (Rhodamine B) in the solution above the particles was monitored as a function of time using a 514 nm probe beam (15 mW) both before and after the addition of PLE (Figure 6 ).
It was observed that prior to the addition of PLE, the emission intensity of Rhodamine B was essentially constant. This means that the dye is trapped in the pores prior to addition. Immediately following the addition, the intensity of Rhodamine B started to increase and approached a maximum value with a half-life within 5 minutes. As expected, no such pattern was observed when the emission of Rhodamine B was tracked in the amide-stoppered snap-top system. As a further control to prove that the enzyme is solely responsible for the release, PLE was denatured by heating it to 50° C for 30 minutes before it was added to the ester-stoppered snaptops and no release was observed. According to the controls, these results are consistent where the opening of snap-tops resulted from the enzyme-mediated hydrolysis of the adamantyl ester stoppers.
Due to the modular synthesis, snap-tops are a novel way of specifically tailoring nanovalve controlled release systems to any biological system. The divergent synthesis allows wide variability throughout the synthetic process for snap-tops with the potential to include drug molecules, targeting agents, or imaging agents for experiments inside of living cells. The increased variability of the stopper precursor was triggered enzymatically by an esterase enzyme but could be designed to trigger through other enzymatic or chemical processes as desired.
pH Active Nanovalves
Another category of molecular machines that function by a host-guest, rotaxane based system are acid nanovalves. Since MSNs are non-cytotoxic and are endocytosed by cells into the lysosomes 12, 25 that have inherently greater acidity than the blood or than the intracellular matrix, there is tremendous potential to use of these properties for biological applications. Work related to two acid nanovalves is described in this section. First, a rotaxane nanovalve system based on the binding effects of CB [6] with aminoalkane chains attached to MSNs is discussed where the protonation of the specific amino groups changes the binding interactions to determine controlled release 48 . Second, a pseudorotaxane nanovalve system attached to hollow MSNs with aromatic amines encircled by α-CD where, again, protonation of the amino moiety affects the binding efficiency of the macrocycle is presented.
The first acid valve experiments involved a full rotaxane based system with components designed to contain cargo at neutral pH (~7) and release the cargo on demand in more acidic medium. First, MCM-41 MSNs were attached to 4-(6-(phenylamino)hexylamino)butyl 4-methylbenzenesulfonate stalks through APTES linkers. Next, the pores were loaded with fluorescent dye (Rhodamine B) then the stalks were threaded with CB [6] to close the pores and contain the cargo. At neutral pH, CB [6] preferentially binds at the four carbon alkyl chain closer to the pores instead of the six carbon alkyl chain located further away from the pores and no cargo was released. Upon the addition of acid to lower the pH, protonation of the aryl amine occurs and CB [6] will then preferentially shift to the six carbon alkyl chain located away from the pores where the cargo can then escape. The subsequent luminescence spectroscopy experiments ( Figure  7 ) showed that at near neutral pH there was no release of fluorescent cargo over time. However, when the pH was adjusted to 5, the emission intensity of Rhodamine B began to increase asymptotically over time. Experiments were performed in aqueous media and promise to be useful in drug delivery applications where the bloodstream pH is ~7 and the lysosomal pH is ~5-6.
The second acid valve experiments involved new MSNs with a hollow core 49 attached to pseudorotaxane stalks complexed with α-CD for controlled release. Hollow MSNs were formed by using polyvinylpyrollidone (PVP) and dodecylamine (DDA) as co-templates for structure direction. Tetraethylorthosilicate (TEOS) was used as the silica precursor which condensed around the co-templates. Upon removal of the co-templates through solvent extraction, there was a hollow core in the MSNs while surface pores remained with an average diameter of 2.7 nm. Hollow MSNs were functionalized with the linker 3-iodopropyltrimethoxysilane on the surface which was then reacted with p-anisidine (Figure 8 ) to form the pseudorotaxane stalks. The pores were then loaded with propidium iodide (PI) before being capped with α-CD around the aromatic head of the stalks. At neutral pH the aromatic amine was unprotonated and α-CD preferentially encircles the aromatic group to block the pores. Once the pH was acidified and protonation of the amine occurred, the binding efficiency was decreased and the macrocycle dethreaded into solution, thus opening the pores. The emission intensity of PI was tracked over time with luminescence spectroscopy and showed no release at pH 7, some release at pH 6, and further release at pH 5 ( Figure 9 ). Facile changing of the methoxy functional group on the aromatic thread can be changed in order to tune the appropriate pK a depending on the biological system.
Conclusions
In summary, the creation of multifunctional mesoporous inorganic nanoparticles provides an ideal scaffold for the functionalization of molecules of interest such as targeting agents or fluorescent dyes and for encapsulation of metal nanocrystals and larger molecules for controlled release and drug delivery. The fluorescent and spectroscopic imaging properties combined with the known biocompatibility of silicates makes these materials extremely promising for drug delivery and other biological applications. Molecular machines such as nanoimpellers and nanovalves, inside the pores and on the surface respectively, regulate the release of encapsulated drug molecules through light 50 58 Iron oxide nanocrystals embedded in the mesostructure have the properties of optical and MR imaging while embedded silver nanocrystals can deliver anti-microbial ions to eliminate biological pathogens. Taken together with the attachment of fluorescent dyes to the surface or the pore walls, the variability of multifunctional MSNs have tremendous potential for the encapsulation and controlled release of drug molecules into many biological applications. Release profile of the aminoalkane/CB [6] MCM-41 silica nanoparticles. At pH 6.5, the CB [6] binds strongly to the aminoalkane near the silica surface, preventing diffusion of the dye from the mesopores. As the pH is decreased, dye is released from the pores, as the lower pH values decreases, the CB [6] moves from the silica surface, allowing for diffusion of the dye from the pores. Figure 8 . Assembly of hollow mesoporous silica nanoparticles with the aniline/α-CD valve. The machine is assembled by first attaching a trialkoxysilane linker, 3-iodopropyltrimethoxysilane to the particle surface, followed by modification of the thread with panisidine. After the particles are soaked in a solution of propidium iodide to load the particles with dye, a solution of α-cyclodextrin was added to close the pores. Figure 9 . Release profile of the aniline/α-CD hollow mesoporous silica nanoparticles. At neutral pH values, the α-CD binds strongly to the aniline, preventing diffusion of the dye from the mesopores. As the pH is decreased, dye is released from the pores, as the lower pH values decreases the binding of α-cyclodextrin to the aniline, allowing dye to diffuse from the unblocked pores.
